Role of minority carrier diffusion length in bipolar device performance
In general, when non-equilibrium carriers are generated in a material due to external excitation in the absence of an electric field, they diffuse over a certain distance before undergoing recombination. This parameter, namely the average distance traveled in a particular direction between generation and recombination, is characterized by the diffusion length, L. The diffusion length is related to the carrier lifetime, , (i.e., the time between generation and recombination of non-equilibrium carriers) through carrier diffusivity, D:
Diffusivity, or diffusion coefficient, is determined in turn by the mobility of the carriers, , according to the Einstein relation:
where k B is the Boltzmann's constant, T is absolute temperature, and q is the fundamental charge.
The diffusion process is driven by concentration gradients; since external excitation has a much larger impact on the concentration of minority carriers than that of majority ones (because generation density is usually much lower than the majority carrier density), it is the minority carriers that are more susceptible to diffusion. The electron diffusion current density is proportional to the gradient of the electron density, n, by the following relation;
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Where e is the charge of the electron and D n is the electron diffusion coefficient. Relating the diffusion coefficient to temperature we get:
With a E being the activation energy of the process. Using equation (1) we arrive at the equation relating the diffusion length to temperature by: 0 exp 2      a n B E LL kT
CL peak intensity, I CL , of Near Band Edge (NBE) luminescence decays systematically with decreasing temperature. Since CL intensity is proportional to the rate of recombination, as the intensity decreases it is shown that the number of recombination events also decreases. Also, since the intensity is inversely proportional to the lifetime of carriers in the band, the decay of I CL indicates the increase of τ with temperature. This follows in an exponential relationship represented in this equation; 
Where A and B are scaling factors, ΔE a,T is the thermal activation energy, k B is the Boltzmann constant and T is temperature.
Diffusion of minority carriers is a process that is fundamental to the operation of bipolar photovoltaic devices, with minority carrier diffusion length being the central parameter defining the device performance. In the presence of a p-n junction or a Schottky barrier, the non-equilibrium minority carriers generated by external excitation (e.g., light incident on a photodiode) within a few diffusion lengths of the space-charge region can be collected by the built-in field and thus contribute to the current flow across the device. The greater the diffusion length of the carriers, the more current can be collected, leading to the higher efficiency of the device. In photodiodes, it is usually only one side of the p-n junction that contributes to photocurrent. If the light is absorbed in the p-region of the junction, the quantum efficiency, , can be represented as follows:
where r and a are the reflection and absorption coefficients, respectively, W is the width of the space-charge region, and L n is the diffusion length of minority electrons.
Quantum efficiency is directly related to the spectral responsivity, R, of a photodiode:
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where I ph is total photocurrent, P op is optical power incident on the device, q is the fundamental charge, and E is the energy of the incident photons. The relationship between minority carrier diffusion length and responsivity of Schottky photodiodes has been examined in great detail in Ref. [15] . Schottky photodiodes are among the simplest photovoltaic devices, where the non-equilibrium minority carriers, generated in the bulk of the semiconductor due to light absorption, are collected by the built-in field of the Schottky barrier deposited on the surface of the semiconductor. In order for the carriers to contribute to device current, they have to be generated within a few diffusion lengths of the collector.
For incident energies greater than the bandgap of the absorber material, non-equilibrium electron-hole pairs are generated only in the thin layer next to the surface of incidence, with the maximum depth of 1/aThis value is on the order of 100 nm in ZnO [16, 17] and is generally much smaller than the thickness of the absorber layer. Considering a front-illuminated configuration (in which the incident light passes through the semitransparent Schottky contact), if L is greater than the generation depth, most of the non-equilibrium minority carriers are collected by the built-in field of the space-charge region. In this case, the internal quantum efficiency of the device approaches 100% and the responsivity is independent of the diffusion length value. Below this threshold, the responsivity decreases with L, provided that the width of the space-charge region is smaller than the generation depth.
If the energy of incident light is below the bandgap, light penetration depth is large (several micrometers), and a fair portion of the non-equilibrium carriers is generated in the neutral region of the semiconductor due to the ionization of the mid-gap levels. Since only the carriers within a few diffusion lengths of the space-charge region contribute to photocurrent, the responsivity at below-bandgap energies is limited by the diffusion length (unless the diffusion length exceeds the thickness of the absorber layer, in which case the latter is the limiting factor) [15] .
Methods for determination of minority carrier lifetime and diffusion length
Although as of the date of this writing minority carrier transport in ZnO remains, with a few exceptions, essentially unexplored, however, the measurement of minority carrier diffusion length is a well-established subject. This section reviews three of the most widely used techniques, namely Electron Beam Induced Current (EBIC), Time-Resolved Photoluminescence (TRPL), and Time-Dependent Cathodoluminescence (CL) Measurements.
Electron beam induced current technique
Due to a unique combination of convenience and reliability, Electron Beam Induced Current (EBIC) method is among the most popular techniques for minority carrier diffusion length measurements. It requires comparatively simple sample preparation and is used in-situ in a scanning electron microscope (SEM). Fig. 1 shows a typical measurement configuration known as planar-collector geometry [18, 19] . As a charge collection technique, EBIC method employs a Schottky barrier or a p-n junction to collect the current resulting from the nonequilibrium minority carriers generated by the beam of the SEM. As the beam is moved away from the barrier/junction in a line-scan mode, the current decays as fewer and fewer minority carriers are able to diffuse to the space-charge region. The mathematical model for EBICurrent [20] , shows that the decay of current, I EBIC , can be described by the following expression:
where A is a scaling constant, d is beam-to-junction distance, and  is an exponent related to the surface recombination velocity, v s.
The diffusion length is usually extracted by rearranging the terms of equation (9):
which yields a linear relationship between ln   Id   and d with a slope equal to 1 L  . This approach is taken to be accurate for d > 2L. It should be noted that in Ref. [20] , the authors analyzed only the two asymptotic cases, namely v s = 0 and v s = ∞, and found that  = -1/2 for the former and -3/2 for the latter. Later, Chan et. al. [21] demonstrated that this approach can be applied to materials with arbitrary surface recombination velocity by selecting  such that a linear relationship between ln(Id - ) and d is obtained. However, even if any value of  is used (such that -3/2 ≤  ≤-1/2), the result for the diffusion length changes by less than 20% [22] this is due to the fact that the exponential term dominating the value of I EBIC is independent of . 
Time-dependent cathodolumenscence (CL) measurements
Cathodoluminescence is an optical and electrical phenomenon in which a luminescent material (semiconductor) emits light upon the impact of an electron beam produced from an electron gun. The high energy electron beam impacted onto a semiconductor will result in the promotion of electrons from the valence band to the conduction band. This movement leaves behind a hole, when the electron and hole recombine a photon may be emitted. These emitted photons can then be collected and analyzed by an optical system. Minority carrier lifetime is related to the lifetime of the non-equilibrium carriers in the conduction band. CL measurements were used to detect changes in carrier lifetimes due to varying sample temperature as well as electron irradiation.
Experimental setup
CL measurements were also performed in situ inside the Philips XL30 SEM. The temperatures varies in the sample were 25 o C to 125 o C. The Hamamatsu photomultiplier tube is sensitive to wavelengths ranging from 185 to 850 nm. Slit size was kept at 4.5 mm. The CL experimental set up is integrated with the SEM. The monocromator is on the right hand side of the SEM and houses the mirrors and the diffraction grating system. Located on the right of the monochromator is the Hamamatsu photomultiplier tube. For each specific wavelength a PC is used to record the intensity of light by counts.
On the light guide there is a parabolic mirror which collects the emitted light from the samples. A hole is cut in the middle of the mirror to allow for the electron beam to reach the sample when the mirror is over the sample. The mirror is positioned a specific working distance, usually a few millimeters, from that sample which is optimized with Back Scattered Electrons (BSE) for maximum intensity so that its focal length coincides with the sample. The focus size is normally in tens of microns.
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The light collected from this focal point comes from a parallel beam through the hollow waveguide tube and focused onto the entrance slits of the monochromator. The electron beam may be used in spot or line scan mode. New areas are sampled after each temperature measurement is made to avoid contamination. Determining the thermal activation energy by use of the CL measurements is similar to the way in which the diffusion length is used to calculate the thermal activation energy using the EBIC technique. Diffusion is due to the existence of a spatial variation of the carrier concentration inside a semiconductor. The carriers will move from areas of high concentration to low concentration, this is known as the diffusion current, equation (3) .
When non-equilibrium carriers are generated in a material due to an external excitation in the absence of an electric field, they will diffuse over a certain distance, in a particular direction, before recombining. The average distance that the carrier has gone before succumbing to recombination is defined by L, the diffusion length, which is related to carrier lifetime ,τ, by equation (1) . Carrier lifetime refers to the time between generation and recombination of non-equilibrium carriers by the Einstein relationship connecting the mobility µ and the diffusion current D n by equation (2).
Time-resolved photoluminescence technique
Time-Resolved Photoluminescence (TRPL) technique is an indirect method that relies upon measuring the minority carrier lifetime in order to determine the diffusion length according to equations (1) and (2) . It provides a time-efficient way for characterizing the transport of non-equilibrium minority carriers and is most useful for materials with good luminescence properties. An advantage of this method is that it also provides valuable insight into the nature of the recombination mechanisms governing minority carrier lifetime. The detailed description of the TRPL measurements and analysis is provided in Ref. [23] .
TRPL measurements are based on recording the transient decay of near-bandgap (NBE) photoluminescence excited by a short pulse of light, such as from a pulsed laser source. If the concentration of non-equilibrium minority carriers decreases exponentially from its initial value  o , the intensity of the photoluminescence, I PL , also follows an exponential decay:
where R  is the radiative recombination lifetime. In most cases, however, the photoluminescence intensity is affected not only by lifetime of minority carriers in the band, but also by the diffusion rate out of the absorber region, since the escape of the carriers from the active region is in this case equivalent to the reduction in their lifetime. Therefore, the lifetime obtained from the TRPL measurements is often less than the true minority carrier lifetime. In order to obtain an accurate measurement, it is necessary to introduce a confinement structure to reduce the influence of diffusion. In such a confinement structure the semiconductor of interest is "sandwiched" between two layers with wider bandgap and like doping type, so that the wide bandgap layers act as minority carrier mirrors.
Temperature dependence of minority carrier diffusion length and lifetime

Studies in n-type ZnO
Because of its intrinsic thermal stability, ZnO is a good candidate for high-temperature optoelectronic devices. However, the subject of the temperature dependence of minority carrier transport properties has not yet been adequately addressed in the literature. This section reviews the results obtained from variable-temperature diffusion length measurements performed on n-type ZnO [24] .
The samples under investigation were weakly n-type ZnO substrates with electron concentration of ~ 10 14 cm -3 and mobility of ~ 150 cm 2 /Vs. Secondary Ion Mass Spectroscopy (SIMS) measurements revealed the Li concentration of about 3x10 16 cm -3 [25] . The Schottky contacts for EBIC measurements were deposited on the non-polar a-plane of ZnO crystal by electron beam evaporation of 80 nm-thick Au layer and subsequent lift-off. ZnO:N samples were grown using molecular beam epitaxy by SVT Associates. Hall effect measurements revealed hole concentration of 4.5x10 17 cm -3 and mobility of ~1 cm 2 /V·s.
The studies of L as a function of temperature were carried out using EBIC method in a planar-collector configuration with a Schottky barrier (Sec. 3.1). At each temperature, several measurements were taken by scanning the beam of the SEM along a line perpendicular to the edge of the Schottky contact and recording the exponential decay of current. The recorded data were fitted with equation (9) using  = -1/2. This value corresponds to zero surface recombination velocity which, given the excellent luminescence properties of this sample and a good fit to the experimental results, is a reasonably good approximation. It should be noted that each EBIC line-scan was recorded on a previously unexposed area in order to avoid the influence of electron irradiation on the value of diffusion length (cf. Sec. 5 below). Table 1 summarizes the results of EBIC measurements performed on one of the bulk ZnO samples and shows that the diffusion length of minority holes in n-ZnO increases with increasing temperature, T. The increase of L with T is not unique to this semiconductor. Similar trends were previously observed in GaAs [26] and later in GaN epitaxial layers [27] . In all cases, this increase was exponential with temperature and was modeled with the expression (5).
Temperature Table 1 . Temperature dependence of minority carrier diffusion length and cathodoluminescence intensity of the near-band-edge peak in n-ZnO. After Ref. [24] .
With the fit using equation (5), the experimental results for n-ZnO yields activation energy of 45 ± 2 meV [24] . This energy represents carrier de-localization energy, since it determines the increase of the diffusion length due to reduction of recombination efficiency [26] . The smaller is the activation energy, the more efficient is the de-trapping of captured carriers at a fixed temperature (see discussion below).
The role of increasing carrier lifetime is also supported by the results of cathodoluminescence (CL) measurements, carried out in-situ in SEM, which are presented in Fig. 4 . The inset of Fig. 4 shows a cathodoluminescence spectrum in the vicinity of the NBE transition at 383 nm (3.24 eV). This feature in bulk ZnO has been attributed to the transition from the conduction band to a deep acceptor level [28] . It was observed that the peak intensity, I CL , of NBE luminescence decays systematically with increasing temperature, providing direct evidence that the number of recombination events decreases. Because the intensity of the NBE luminescence is inversely proportional to the lifetime of carriers in the band, the decay of I CL indicates the increase of with temperature. The decay proceeds exponentially according to the equation (6) [29] . Based on the fit shown in Fig. 4 , the activation energy was determined to be 58 ± 7 meV. This value is in excellent agreement with that obtained by photoluminescence measurements in Li-doped ZnO films [30] . It is also consistent with the results of the variabletemperature EBIC measurements, which suggests that the same underlying process is responsible for both the increase in the diffusion length and the CL intensity decay. This process is outlined below. (10)), yielding activation energy of 58 ± 7 meV. Inset: CL spectrum on n-ZnO showing the NBE transition at 25 o C. After Ref. [24] .
The increase in minority hole lifetime in the valence band is likely associated with a smaller recombination capture cross-section for this carrier at elevated temperatures. In GaAs, for example, detailed analysis for temperature dependence of capture cross-section indicates an order of magnitude decrease of recombination efficiency, measured in terms of an "effective capture radius", in the temperature range from 100 to 300 K [26] . Non-equilibrium electronhole pairs are generated by the beam of the SEM and subsequently annihilate by recombining with each other. Since the hole capture cross-section is inversely proportional to temperature [26, 31] , the frequency of the recombination events (and, hence, the CL intensity) decreases as the temperature is raised. This means that non-equilibrium holes exist in the valence band for longer periods of time and, consequently, diffuse longer distances before undergoing recombination. Note that carrier diffusivity, D, is also a temperature-dependent quantity and, therefore, can affect the diffusion length (cf. equation (1)). On the other hand, it has been demonstrated for n-ZnO that the mobility, , of majority carriers decreases in the temperature range of our experiments by about a factor of 2 [32] .
Assuming that the mobility of the minority carriers exhibits the same behavior [27] and combining equations (1) and (2), it is clear that the value of the diffusion length is dominated by the growing lifetime of minority holes. From the Einstein relation (equation (2)), the above-referenced difference in mobility translates to about a 30% decrease in diffusivity at 125 o C as compared to 25 o C. Based on a 30% difference in diffusivity and using experimentally obtained values of diffusion length, we conclude that the lifetime of minority holes at 125 o C is nearly 2.5 times greater than at room temperature.
Preliminary results indicate that temperature-induced increase in carrier lifetime also occurs in epitaxial ZnO. Nitrogen-doped ZnO samples grown using molecular beam epitaxy were provided by SVT Associates. Hall effect measurements revealed hole concentration of 4.5x10 17 cm -3 and mobility of ~1 cm 2 /V·s. Fig. 5 shows the decay of NBE CL intensity fitted with equation (6) . The measurements yielded activation energy of 118 ± 12 meV. This value is comparable to the activation energy of the nitrogen acceptor in ZnO [34, 35] , which indicates possible non-equilibrium carrier trapping on nitrogen-related deep levels. 
Studies in p-type ZnO doped with antimony
The possibility of p-type doping with larger radii atoms, such as antimony, has been explored in Refs. [10, 36] . The studies demonstrated that despite the large size mismatch, which in principle should inhibit the substitution of this impurity on the oxygen site, effective p-type doping with hole concentrations up to 10 20 cm -3 can be achieved [36] . These findings prompted the first-principles investigation by Limpijumnong et al., who suggested that the role of acceptors in size-mismatched impurity doped ZnO is performed by a complex of the impurity with two zinc vacancies Sb Zn -2V Zn , the ionization energy of which is several-fold lower than that of a substitutional configuration and is consistent with the independent experimental observations [37] . Despite the encouraging predictions, however, very few attempts at achieving p-type conductivity in antimony-doped ZnO have been effective. Aoki et al. reported surprisingly high hole concentrations of up to 5 × 10 20 cm -3 in ZnO:Sb films prepared by excimer laser doping [36] . Some of the authors also obtained ptype ZnO:Sb by molecular beam epitaxy (MBE) [10] . CL measurements were conducted in-situ in the Philips XL30 scanning electron microscope (SEM) integrated with Gatan MonoCL cathodoluminescence system. The SEM is also fitted with a hot stage and an external temperature controller (Gatan) allowing for temperaturedependent experiments. The decay of near-band-edge (NBE) luminescence intensity was monitored as a function of temperature in the range from 25 to 175 o C. Accelerating voltage of 10 kV was used. Note that each measurement was taken in a previously unexposed area to avoid the potential influence of electron irradiation [24, 38] .
The investigation of the luminescence properties of Sb-doped ZnO was started with the acquisition of room-temperature cathodoluminescence spectra shown in Fig. 6 .
The inset of Fig. 6 reveals that the CL spectra of all three samples are dominated by the NBE band, which generally contains the band-to-band transition as well as the transition from the conduction band to a deep, neutral acceptor level (e, A 0 ) [28, 38] . Since acceptor levels form a band in the forbidden gap, the red shift of the NBE peak with increasing carrier concentration (i.e., higher doping levels) is consistent with the (e, A 0 ) emission and may indicate the broadening of the Sb-related acceptor band [40, 41] . Another observation that can be made from Fig. 6 is the systematic decay in intensity of the NBE luminescence with increasing doping level. This decrease may be attributed to the reduction in radiative recombination rates as more disorder is introduced into the ZnO lattice by large-radius Sb atoms. The increasing trend in the values of the full width at half-maximum (FWHM) of the NBE spectra provide further evidence for the impact of the size-mismatched dopant -FWHM values were determined to be about 16. [24, 38, 42] . Fig. 6 . NBE cathodoluminescence spectra of samples 1-4 taken at room temperature. The peaks are at 382, 384, 385, and 387 nm, respectively. Inset: broad-range CL spectra of the same samples. After. Ref. [39] .
The intensity of NBE luminescence was also monitored as a function of temperature. It was observed that the intensity decays with sample temperature, T, in agreement with expression (6) [29] . From equation (6), it can be deduced that the inverse intensity, 1/I, should exhibit an exponential dependence on 1/kT. This is shown in the inset of Fig. 7 on the example of sample 1. Note that the intensity in this and subsequent figures was normalized with respect to its room-temperature value for each of the samples. The activation energies, E A , were obtained from the slopes of Arrhenius plot shown in Fig. 7 . In case of a (e, A 0 ) transition, E A is related to the ionization energy of acceptors: the lower the value of the activation energy, the more likely is the ionization of the acceptor by a valence band electron (A 0 + e  A -); since an ionized level does not participate in recombination via the (e, A 0 ) route, the rate of these transitions (i.e., the intensity of the luminescence) decreases with E A at any given temperature. Conversely, for a constant E A , the intensity decays with increasing temperature as more and more acceptors are ionized. [37] . Furthermore, the decay of activation energy with carrier density, p, follows a common pattern observed previously in other semiconductors [41, 42, 43] and is described by an equation of the type;
where A N  is the concentration of ionized acceptors, EA(0) is the ionization energy at very low doping levels, and  is a constant accounting for geometrical factors as well as for the properties of the material. The value of  was found to be equal to 6.4 × 10 -7 , which is comparable to that in p-GaN and p-Si [41, 43] . D N  can be estimated from the electron concentration in undoped, n-type ZnO samples grown by the same method and is about 5 × 10 18 cm -3 [10] . We note that this is a rough estimate and does not account for the earlier observation that background donor concentration in Sb-doped samples may be different from that in undoped ZnO films due to the creation of Zn vacancies induced by Sb doping. The concentration of Zn vacancies was shown to depend on Sb doping level [10] , which would in turn lead to the variations in shallow donor density among the samples under investigation.
It should be noted that earlier PL measurements performed on sample 4 showed consistent activation energy of 140 meV [10] . Furthermore, temperature-dependent measurements of hole concentration in sample 4 shown in Fig. 9 suggest that the temperature dependence of luminescence intensity is associated with acceptors. The dependence of p on temperature can be modeled with a charge-balance equation of the following form: [32] . The fit of the data shown in Fig. 9 revealed activation energy of about 100 meV [10] , which is in reasonable agreement with activation energy obtained by CL and is most likely related to the Sb Zn -2V Zn complex. Fig. 9 . Temperature dependence of hole concentration in sample 4. The fit yielded activation energy of about 100 meV. After Ref. [39] .
Although the existence of other Sb-related acceptors cannot be categorically excluded, their involvement in the temperature-induced CL intensity decay is highly unlikely. The substitutional defect (Sb O ) as well as the single-vacancy complex (Sb Zn -V Zn ) are predicted to have ionization energies about an order of magnitude greater than those obtained experimentally, while other defects can also be ruled out based on their electrical behavior and/or high formation energies [37] .
The phenomenon of variation of the dopant activation energy with carrier concentration in semiconductors has been attributed to a number of causes. Among these are the formation of the band-tail states that extend into the forbidden gap, the broadening of the acceptor band in the gap, and the reduction of binding energy due to Coulomb interaction between the holes in the valence band and the ionized acceptor states [40] [41] [42] . The variable temperature cathodoluminescence studies of Sb-doped p-type ZnO allowed estimating the activation energy of the Sb-related acceptor in the range of 135-212 meV. The activation energy was found to be strongly dependent upon the hole concentration. While the nature of the acceptor cannot be determined conclusively, evidence suggests that it is a Sb Zn -2V Zn complex proposed by Limpijumnong et al [37] .
Studies of minority carrier recombination
Deep carrier traps have pronounced implications on minority carrier transport and often give rise to such undesirable phenomena as radiation-induced optical metastability, persistent photoconductivity and optical quenching of photocurrent [44] [45] [46] . On the other hand, it has been demonstrated that capture of minority carriers by deep metastable traps is associated with the increase of minority carrier diffusion length and lifetime [24, 38, 47] . Furthermore, in GaN this increase was shown to result in a significant (several-fold) improvement of photoresponse in agreement with equation (7) [22, 47] .
Extensive studies aimed at achieving p-type conductivity in ZnO reveal that most potential acceptors, such as nitrogen, phosphorus, and arsenic, tend to form acceptor levels far from the valence band maximum [48] . Since the ionization fraction of such acceptors is low (due to their high activation energy), there is a large concentration of neutral states that may act as traps for non-equilibrium electrons. The effects of electron trapping on the diffusion length and lifetime of minority carriers can be probed by subjecting the material of interest to the excitation by the electron beam of the scanning electron microscope. The remainder of this review deals with the influence of electron irradiation on minority carrier diffusion length (Sec. 5) and lifetime (Sec. 5.2).
Influence of electron trapping on minority carrier diffusion length
The measurements of diffusion length as a function of beam irradiation duration were carried out on bulk n-ZnO doped with lithium [24] , molecular beam epitaxy (MBE) p-ZnO doped with nitrogen [49] , phosphorus-doped ZnMgO grown by pulsed laser deposition (PLD) [38] , and on Sb-doped epitaxial ZnO layers MBE grown on a Si substrate [39] .
As was already mentioned, bulk ZnO samples (Tokyo Denpa Co.) were weakly n-type, showing electron concentrations of ~ 10 14 cm -3 and mobility of ~ 150 cm 2 /Vs at room temperature. Secondary Ion Mass Spectroscopy (SIMS) measurements revealed the Li concentration of about 3x10 16 cm -3 [25] (Li is often added to ZnO to increase the resistivity of initially n-type samples).
Phosphorus-doped Zn 0.9 Mg 0.1 O layers were fabricated using PLD. Capacitance-Voltage profiling of similar films, grown using the same procedure, resulted in net acceptor concentration of ~ 2x10 18 cm -3 after annealing. Pt/Au (200/800 Å) layers were deposited on phosphorus-doped Zn 0.9 Mg 0.1 O films by electron beam evaporation and patterned by lift-off with contact diameters ranging from 50 to 375 m. Circular electrode pairs with significantly different surface areas were employed for the EBIC measurements. The electrodes create an asymmetric rectifying junction, based on back to back Schottky diodes, with the larger area electrode being pseudo-Ohmic.
EBIC experiments were conducted at room temperature in-situ in a Philips XL30 SEM using a planar-collector configuration with a Schottky barrier (Sec. 3.1) to monitor the changes in minority carrier diffusion length as a function of time. The results of EBIC experiments are presented in Fig. 10 . Note that the results shown in the left panel of Fig. 10 and those discussed in Sec. 4 were obtained from different bulk ZnO samples, which may offer an explanation for the significant difference in the initial, room temperature values of diffusion length. Additionally, while the large diffusion length value of bulk ZnO can be attributed to the higher quality of the bulk material (compared to the epitaxial layers), the diffusion length of ~ 2 µm in PLD-grown ZnMgO is rather surprising because of polycrystalline nature of the layers. It appears that in the latter sample, the transport of minority carriers is not significantly influenced by scattering from the grain boundaries. The experiments revealed that diffusion length follows a general trend in all samples studied. Fig. 10 shows that irradiation by the electron beam clearly results in a significant increase of the carrier diffusion length, and that this increase is linear with respect to the duration of electron irradiation (t). Up to 50% increase of diffusion length was achieved (cf. Fig. 10 (center) ), with the rates of diffusion length increase ranging from ~13% to ~30% per 1000 s. This appears to be a common occurrence in wide bandgap semiconductors doped with species that create deep acceptor levels, as similar observations were made in (Al)GaN doped with Mg, Mn, Fe, and C [39, 50, 51] . It is also noteworthy that similar experiments conducted on bulk ZnO without any intentional dopants did no show any significant changes in minority carrier diffusion length [38] .
The observed increase of L is ascribed to charging of the deep, neutral acceptor states by the electrons generated by the SEM beam, since trapping of non-equilibrium electrons prevents these levels from participating in recombination [38, 39] . Therefore, the difference in the rates of diffusion length increase is likely explained, at least in part, by the difference in the concentrations of these deep centers [52] .
EBIC measurements in Sb-doped ZnO were performed on the samples by moving the electron beam of the SEM from the edge of the Schottky barrier (created on the top surface of ZnO:Sb samples by Ti/Au evaporation followed by lift off) outwards (line-scan) and recording an exponential decay of induced current.
After a single EBIC line-scan was completed (12 seconds), the excitation of the sample was continued by moving the electron beam back and forth along the same line for the total time of ~2200 seconds. EBIC measurements were periodically repeated to extract the minority carrier diffusion length [52] , L, as a function of the duration of electron beam irradiation, t.
The effects of electron injection for Sb-doped 0.2 µm-thick p-type ZnO epitaxial layers (p = 1.3x10 17 cm -3 ; µ = 28 cm 2 /Vs at room temperature) grown on Si substrate by MBE are summarized in Fig. 11 . The activation energy for the e-beam injection-induced increase of L, E A,I = 219 ± 8 meV, was obtained from the graphs in Fig. 11b ,c using the following equation:
where R 0 is a scaling constant, T is temperature, k is the Boltzmann's constant, E A,I is the activation energy of electron irradiation effect, and E A,T is the activation energy of thermally-induced increase of L presented in Fig. 11a (E A,T = 184 ± 10 meV). The value of E A,I is in reasonable agreement with that for a Sb Zn -2V Zn acceptor complex, predicted by
Limpijumnong et al. [37] (see Ref. [53] for details). It can also be seen from Fig. 11 that the rate, R, of the diffusion length increase is reduced with increasing temperature. The increase of the diffusion length due to trapping is counteracted by the release of the trapped electrons that occurs if the carriers gain sufficient energy to escape the trap. As the temperature is raised, the likelihood of de-trapping increases, which dampens the irradiation-induced growth of the diffusion length.
The saturation and relaxation of irradiation-induced change of diffusion length was studied at room temperature [53] . It was demonstrated that L reached its maximum value after about 50 min of continuous exposure to the electron beam. Further monitoring revealed that irradiation-induced increase persists for at least one week. Annealing the sample at 175 C for about 30 minutes resulted in a decrease of the diffusion length to about 1 µm. This behavior further supports the involvement of deep electron traps in the phenomenon of interest, since temperature-induced de-trapping of carriers (cf. Fig. 11,c) re-activates the original recombination route (cf. Fig. 11,a) , thus reducing carrier lifetime and diffusion length.
Optical studies of the effects of electron trapping on minority carrier lifetime
According to equation (1), electron irradiation-induced increase in minority carrier diffusion length discussed above is associated with the increase of lifetime of non-equilibrium carriers. Experimental evidence for this dependence was obtained from the cathodoluminescence measurements performed on the same samples. Time-dependent CL measurements were conducted in-situ in SEM using setup described in section 3.2. This setup allows combining periodic acquisition of CL spectra with continuous excitation of the sample by scanning the beam over the same location. For temperature-dependent CL measurements, the sample temperature was varied in-situ using specially designed hot stage and an external temperature controller (Gatan). At each temperature, the electron beam irradiation and CL measurements were conducted at a different location. [4] . The observed CL spectrum is attributed to the band-to-band as well as band-toimpurity (P-acceptor) optical transitions. The inset of Fig. 12 shows a wider range spectrum featuring a broad band, which is likely defect related [54] .
Optical studies of Zn
While no changes were observed in the broad band CL (cf. inset of Fig. 12 ), the near bandedge luminescence in Fig. 12 exhibits a continuous decay with increasing duration of electron beam irradiation. This demonstrates that exposure to the electron beam results in the increase of carrier lifetime (), since I CL is proportional to 1/. Similar phenomena were also observed in GaN, where the decay of NBE CL intensity occurred concomitantly with increasing diffusion length [38, 50, 51] .
To characterize the intensity decay, we relate it to the diffusion length, L, which is known to vary linearly with duration of irradiation (cf. Fig. 13 ). Since L is proportional to  1/2 (equation (1)), the inverse square root of normalized (with respect to the initial maximum value) intensity must also be proportional to L, and consequently, would be expected to change linearly with duration of electron irradiation. Fig. 13 shows that this is indeed the case, indicating that the observed increase of the diffusion length is attributable to the growing lifetime of non-equilibrium carriers. Room temperature CL spectra of Zn 0.9 Mg 0.1 O:P measured in the same location at different times of electron injection. 1 is a pre-injection spectrum; 2, 3, and 4 correspond to duration of electron injection of 359, 793, and 1163 s, respectively. Inset: pre-injection broad-range CL spectrum taken in a different location than measurements in figure 12 . After Ref. [38] . In CL, the temperature of the samples was varied from 25 C to 125 C. At each temperature, injection was performed on a site previously not exposed to electron beam. As is apparent from the inset of Fig. 13 , the rate of the decrease in CL intensity (described by the slope, R, of the linear dependence of I CL -1/2 on t) diminishes with growing temperature. This suggests that while electron irradiation results in an increase of carrier lifetime, there exists another, thermally activated process that contributes to its decay.
Taking into account both injection-induced effect on R ( exp(E A /kT)) and its temperature dependence ( exp(E A /-2kT)) [26] , and assuming that activation energies are similar in both cases, the temperature dependence of R can be described as follows:
where R 0 is a scaling constant and E A is the activation energy for the overall process. Fitting the experimental results with this expression (inset of Fig.13 ) yielded activation energy of 256 ± 20 meV. This activation energy is in good agreement with that for the phosphorus acceptor obtained based on the simple hydrogenic model. The model assumes phosphorus substitution on the oxygen site and predicts the activation energy of about 250-300 meV [55] .
The experimentally obtained value of the activation energy, combined with the fact that no electron irradiation effects were observed in undoped ZnO [38] , suggests that carrier trapping on phosphorus acceptor levels plays a crucial role in this phenomenon.
Optical studies of bulk ZnO
Similarly to ZnMgO, the electron irradiation-induced increase of minority carrier diffusion length in ZnO:Li (Sec. 5.1) was found to correlate with the increase of minority carrier lifetime. Fig. 14 shows a series of room temperature NBE spectra collected under continuous electron beam excitation, in which the intensity of the NBE transition can be seen to fall steadily with increasing t. The peak of this emission occurs at 383 nm (3.24 eV) and has been assigned to the transition from the conduction band to a deep acceptor level, (e,A0) [28] . The inverse square root of maximum CL intensity (I CL -1/2), which is proportional to  and, therefore, to L, changes linearly with duration of irradiation (cf. left inset of Fig. 14) , which is consistent with the results of EBIC measurements and indicates that the increase in L occurs due to the irradiation-induced growth of carrier lifetime. CL measurements conducted at elevated temperatures confirmed the same trend for the irradiation-induced change of luminescence intensity. It can be seen from the left inset of Fig. 14 that the inverse square root of intensity increases linearly for all temperatures. The temperature dependence of rate, R, can be used to determine the activation energy of the irradiation-induced processes according to equation (15) . On the other hand, our earlier studies of the temperature-induced CL intensity decay (Sec. 4) yielded the activation energy of about 60 meV [38] , thus allowing us to separate the two components as followed from equation (14): the activation energy of electron irradiation effect , AT E  observed in bulk ZnO suggests that, unlike in other materials, temperature-and irradiation-induced changes of the minority carrier transport characteristics are two distinctly different processes.
Although several theoretical works have predicted a very shallow Li Zn level [56, 57] , these predictions have not been substantiated experimentally, as most studies find a rather deep Li-acceptor with activation energies of several hundred meVs [34, 58] . In fact, recent firstprinciples calculations by Wardle et al., also suggest that the Li Zn acceptor state lies at about 0.2 eV above the valence band maximum [58] , which is in reasonable agreement with the , AI E  of 283 ± 9 meV obtained in this work.
It should be clarified that the weak n-type character of the sample is not necessarily in contradiction with the dominant behavior of acceptor states observed in electron trapping phenomena. As was mentioned, the n-type conductivity in nominally undoped ZnO is due to the shallow donor states, whereas in presence of deep electron traps the Fermi level may lie far below these states. Although shallow donors may capture non-equilibrium electrons under excitation, those are quickly released if the temperature is sufficiently high. Therefore, if the difference in the energetic position between the donor and trap states is large, the latter dominate the kinetics of electron trapping [59] .
Optical studies of ZnO Doped with nitrogen
CL measurements performed on MBE-grown, nitrogen-doped p-ZnO revealed behavior similar to that of bulk ZnO [40] and PLD-grown ZnMgO [38] . Room temperature ZnO:N spectra are shown in Fig. 15 and feature a NBE luminescence band with a maximum at about 388 nm (~3.20 eV). This band includes the (e, A 0 ) transition as well as the donor-acceptor pair (DAP) recombination, with nitrogen identified as the acceptor in both processes [60] . Additionally, a violet band centered on 435 nm has been attributed to the radiative recombination of the electrons trapped at grain boundaries with the holes in the valence band [61] .
As expected, irradiation with electron beam resulted in decay of the intensity of NBE luminescence, indicating increasing lifetime. One can observe from the inset of Fig. 15 that, in agreement with the diffusion length measurements (cf. Fig. 10 in Sec. 5.1), the inverse square root of the peak normalized intensity of the NBE transition changes linearly with irradiation time, yielding the rate R. Note that the intensity of the violet band is not affected by electron irradiation, which suggests that electron trapping at the grain boundaries does not play a significant role in the irradiation-induced increase of carrier lifetime. Fig. 15 . Room temperature CL spectra of ZnO:N taken under continuous excitation. Trace 1 corresponds to the pre-irradiation spectrum and trace 5 to the spectrum after 1940 s of electron irradiation. Inset: Linear dependence of the inverse square root of normalized peak intensity at room temperature. After Ref. [49] .
CL measurements at elevated temperatures ( Fig. 16 ) confirmed that R decreases with temperature, indicating a thermally activated process that counteracts the effects of electron injection, similar to what occurs in bulk ZnO and ZnMnO:P. Note that while the values of R were obtained based on the intensity normalized with respect to its initial value, the data displayed in Fig. 16 are offset by shifting the normalized results along the y-axis to avoid the overlap of the data points. The activation energy (
) of about 134 ± 10 meV was determined from the Arrhenius plot shown in the inset of Fig. 16 , based on equation (15) and using , A T E  = 118 meV obtained from the temperature-dependent CL measurements (Sec. 4). This value is in reasonable agreement with the ionization energy of the nitrogen acceptor in ZnO [34,35 ,60,62] and indicates that electron trapping by these levels plays an important role in the recombination dynamics of minority carriers. 
Summary
Issues affecting minority carrier transport in ZnO have been discussed, with special attention given to the temperature dependence of minority carrier diffusion length and lifetime, as well as to the recombination dynamics of non-equilibrium minority carriers. The mechanisms governing temperature-and irradiation-induced effects have been presented.
